In this study, KCe(WO 4 ) 2 was synthesized by a solid-state reaction of K 2 CO 3 , CeO 2 , and WO 3 at 1273 K for 12 h. The Rietveld refinement of this sample confirmed the scheelite-type (tetragonal) structure for KCe(WO 4 ) 2 , with a I4 1 /a space group and lattice parameters a = 542.4 pm and c = 1207 pm. The lattice parameters for ACe(WO 4 ) 2 (A = Li, Na, or K) were in agreement with the ionic radii of the alkali metal ions, but the WO distance in KCe(WO 4 ) 2 was found to be shorter than those in the other compounds, indicative of the distortion of WO 4 2 , attributed to the larger ionic radius of K + . All of the synthesized ACe(WO 4 ) 2 materials exhibited fluorescence, with the relative emission intensity decreasing in the order of KCe(WO 4 ) 2 > NaCe(WO 4 ) 2 > LiCe(WO 4 ) 2 .
Introduction
In recent years, new compounds with the scheelite structure have been attracting attention, caused by their good photoluminescence properties. 1) 3) Tungstate units occur the ligand to metal charge transfer absorption in UV-region, 4) as well as exhibit low phonon frequencies, 5) which could be decomposed visible light emitting. In addition, tungstates have been attracting interest for use in host materials doped with a trivalent lanthanide ion, acting as the activator. These materials exhibit high potential for a wide range of applications, such as in phosphorescent materials, 6) solar cells, 7) optical fibers, 8) or luminescent diodes. 9) These materials have the A 2+ WO 4 2¹ or A + B
3+
(WO 4 ) 2 structure. In scheelitetype AB(WO 4 ) 2 , A and B cations are octahedrally coordinated to oxide ions, while the W ion is tetra-coordinated to each of the A and B cations with a site occupancy rate of 0.5, 10), 11) same as that observed for MWO 4 (M = Ca, Sr, or Ba). 12) Conversely, if A or B have small ionic radii, the wolframite-type structure is dominant (such as in the case of FeWO 4 13) and ZnWO 4 ). 14) In this case, each of the cations A and B, as well as W, is hexa-coordinated to the oxide ions, with A and B being located at different sites. The A site contains monovalent cations, such as in the case of LiLn(WO 4 ) 2 (Ln = LaTb), 11) or NaBi(WO 4 ) 2 , 15) and NaLn-(WO 4 ) 2 (Ln = La, Nd, Gd, Dy, Yb). 16 . 28) In a recent study, 29) our group has reported that LiCe(WO 4 ) 2 exhibits immense potential for use as a fluorescent material, attributed to the combination of Ce 3+ and WO 4
2¹
. The fluorescence properties of NaCe(WO 4 ) 2 and KCe(WO 4 ) 2 have not yet been reported, attributed to the fact that the coordination environment of the A and Ce sites would change, caused by the larger ionic radii in the A site. Notably, the effect of the structure on the luminescence properties of these materials is an interesting topic.
In this study, a new crystalline scheelite-type oxide, KCe-(WO 4 ) 2 , was synthesized, and its structure was analyzed by Rietveld refinement. In addition, emission properties attributed to the different alkali metal ions in the A site of ACe(WO 4 ) 2 (A = Li, Na, or K) was reported.
Experimental

Synthesis
KCe(WO 4 ) 2 was synthesized according to the following solidstate reaction:
First, reagent-grade K 2 CO 3 (99.5%; Kishida Chemical Co., Ltd.), CeO 2 (99.9%; Nippon Yttrium Co., Ltd.), and WO 3 (99.9%; Kishida Chemical Co., Ltd.) in a molar ratio of 1:2:4 for K 2 CO 3 /CeO 2 /WO 3 were mixed in an agate mortar. As K 2 CO 3 is hygroscopic, this powder was calcined at 423 K and stored under vacuum drying oxygen. For drying the compound and for evaporating the moisture, K 2 CO 3 was preheated at 423 K. The mixed powder was shaped into a pellet by cold-isolate pressing, followed by heating the pellet in an alumina boat to 1273 K for 12 h at a rate of 250 K h
¹1
. Subsequently, the pellet was quenched. For comparison, LiCe(WO 4 ) 2 , NaCe(WO 4 ) 2 , and LiYb(WO 4 ) 2 were also synthesized by the following solid-state reactions, respectively: ). Subsequently, the samples were quenched.
Measurement
X-ray diffraction (XRD) patterns for all of the synthesized samples were recorded on an Ultima IV XRD system (Rigaku Co., Ltd.) with Cu K¡ at room temperature at a scan speed of 10°min ¹1 and a scan step of 0.04°. The obtained crystallographic data were refined by Rietveld analysis using the computer program RIETAN-FP. 30 ) UVvisible (UVvis) spectra were recorded on a V-570 spectrometer (Jasco Co., Ltd.). Photoluminescence spectra were recorded on a SPEX FluoroMax-3 spectrophotometer (Jobin Yvon Inc.).
Results and discussion
3.1 Synthesis and crystal structure refinement Figure 1 shows the XRD patterns of as-synthesized ACe-(WO 4 ) 2 (A = Li, Na, or K) and those of the reference materials. The XRD pattern of synthesized KCe(WO 4 ) 2 was found to be different from the previously reported triclinic structure; 31) the XRD pattern of the sample thus synthesized showed agreement with those of tetragonal LiCe(WO 4 ) 2 and KCe(WO 4 ) 2 . This result indicated the presence of a tetragonal scheelite-type structure in both compounds. LiCe(WO 4 ) 2 and KCe(WO 4 ) 2 were synthesized at 1073 and 1273 K, respectively. These temperatures were chosen on the basis of their melting points. Figure 2 shows the results obtained from the Rietveld refinement of the crystal structure: R wp = 18.78, R e = 10.51, R B = 13.41, R F = 4.41, and S = 1.79. The positive symbols and solid line indicate the observed X-ray diffraction intensities and calculated Bragg reflections, respectively. The bottom curve indicates the difference between the observed and calculated intensities. The product was observed as a single phase as the peak intensities did not overlap significantly. Table 1 summarizes the crystal structure parameters of scheelite-type KCe(WO 4 ) 2 derived from the Rietveld refinement program, and Fig. 3 shows the assigned crystal structure of scheelite-type KCe(WO 4 ) 2 with tetra-coordinated W ion and octa-coordinated K and Ce ions in the same sites. Figure 4 shows the absorption spectra of ACe(WO 4 ) 2 (A = Li, Na, or K). Two absorption bands were observed around 240 and . Alkali metal ions exhibited similar absorption spectra. The fluorescence property of LiCe(WO 4 ) 2 has been reported previously by our group; 29) similar to that observed for LiCe-(WO 4 ) 2 , both NaCe(WO 4 ) 2 and KCe(WO 4 ) 2 exhibited broad light emission bands with slightly sharp excitation wavelengths corresponding to excitation at 360 nm (Fig. 5) . The comparison of emission spectra for ACe(WO 4 ) 2 and Ce-free MgWO 4 suggests the broad emission band coming from WO 4 2 , and he emission from Ce 3+ . As shown in Fig. 4 , these materials are supposed to exhibit two main peaks corresponding to 2 F 7/2 and 2 F 5/2 , respectively, attributed to the 5d4f transition of Ce
Optical and light emission properties
3+
. The emission intensity decreased in the order of KCe(WO 4 ) 2 > NaCe(WO 4 ) 2 > LiCe-(WO 4 ) 2 , which is in accordance with the decreasing ionic radii of the monovalent alkali metal ion (K + 151 pm > Na + 118 pm > Li + 92 pm). Enhancement of emission intensity was attributed to the following reasons: first, the ligand field of the WO 4 2¹ unit is possibly distorted by K + . Table 4 summarizes the crystal structure parameters of ACe(WO 4 ) 2 (A = Li, Na, or K).
The lattice parameters (a and c axis) and CeO distances were in agreement with the ionic radii of the alkali metal ions. No particular relationship was observed between the alkali ion radii and WO distances or OWO angles. In addition, Fig. 6 shows structural views of the WO 4 2¹ units. As compared to the other Table 5 . Larger ionic radi on the A-site causes both the distortion and decreasing the asymmetricity of the WO 4 2¹ units. The second possible reason for the observed enhancement of emission intensity is attributed to the relaxation of concentration quenching by the distance enlarge to K + ion on the same site as the emission center of the Ce 3+ ion. This phenomenon is thought to emphasize the characteristics of the scheelite-type structure for inhabited energy transfer by extending the distance between the ionic radius of the emission center and rare earth ion.
Conclusions
In this study, novel scheelite-type KCe(WO 4 ) 2 was synthesized by a solid-state reaction. Rietveld refinement confirmed that KCe(WO 4 ) 2 exhibits a tetragonal crystal structure with the I4 1 /a space group and lattice parameters a = 542.4 pm and c = 1207 pm. KCe(WO 4 ) 2 exhibited fluorescence and the highest emission intensity in the series of synthesized ACe(WO 4 ) 2 (A = Li, Na, or K). 
